The Mott polarimetry for T -Violation (MTV) experiment tests time-reversal symmetry in polarized nuclear β decay by measuring an electron's transverse polarization as a form of angular asymmetry in Mott scattering using a thin metal foil. A Mott scattering analyzer system developed using a tracking detector to measure scattering angles offers better event selectivity than conventional counter experiments. In this paper, we describe a pilot experiment conducted at KEK-TRIAC using a prototype system with a polarized 8 Li beam. The experiment confirmed the sound performance of our Mott analyzer system to measure T -violating triple correlation (R correlation), and therefore recommends its use in higher-precision experiments at the TRIUMF-ISAC.
Introduction
Since nearly all experimental results in particle physics uphold the Standard Model of particle physics, new phenomena indicating the existence of physics beyond the model remain in demand. Among such phenomena, a large CP -or T -violation that could explain considerable matter-antimatter asymmetry observed in our universe might exist. In response, we tested time-reversal symmetry in nuclear β decay in search of a large T -violation beyond the Standard Model.
In nuclear β decay, a parity-violating phenomenon is known as a correlation between nuclear spin and electron momentum, defined as A correlation in decay in which, E e(ν) , p e(ν) , and σ e(ν) are the energy, momentum, and spin of the electron (neutrino), respectively, 1-3 and J is the parent nuclear spin polarization. However, two other correlations also violate time-reversal symmetry. The first, D correlation is a triple vector correlation of nuclear spin polarization, electron momentum, and neutrino momentum, that does not violate parity symmetry. The other correlation, the R correlation, among nuclear spin polarization, electron momentum, and its spin also violates parity symmetry. As such, the study of R correlation initially seems to compete with studies of electric dipole moments (EDM), and indeed, search sensitivities of new theoretical models are discussed that compare R, D and EDM. 4, 5 For example, in an R-parity violating SUSY model, the R correlation can be large without conflicting with EDMs because the coupling dependence of the correlation differs from that of EDMs. 5 In that sense, R correlation studies may not compete with EDM studies, but complement them instead.
Regarding the R correlation, a neutron experiment yielding R(n) = (4 ± 12 ± 5) × 10 −3 , 6 a 8 Li experiment yielding R( 8 Li) = (0.9 ± 2.2) × 10 −3 , 7 a µ + experiment yielding P T2 = (−3.7 ± 7.7 ± 3.4) × 10 −3 , 8 and other measurements 9, 10 with low precision have all been reported, each with results consistent with timereversal symmetry. We therefore aimed to establish a new technical approach for a new R( 8 Li) measurement to be performed at TRIUMF-ISAC, with a sensitivity expected to approach a precision of 10 −4 on R. Two key beam parameters to perform a high precision the R measurement are, 1. a high intensity beam which leads a high statistical precision, and 2. a high beam polarization which enables us to reach high experimental sensitivity. At TRIUMF, a 70% polarized 10 7 pps 8 Li beam is available, which is enabled by laser optical pumping technique.
11, 12 At TRIUMF, we expect to perform a test at a precision approximate to the predicted final state interaction level. 7 With that motivation, we performed a pilot experiment at KEK-TRIAC, 13 for which an 8% polarized 10 5 pps 8 Li beam was made available for related demonstration measurements.
14 A tilted foil technique was used at TRIAC, which can produce relatively low beam polarization comparing to the optical pumping technique.
We measured the transverse polarization of electrons emitted in polarized 8 Li β decay as left-right scattering asymmetry in backward Mott scattering using thin metal foil. Mott scattering has an analyzing power on electrons' transverse polarization 15 that has a maximum figure of merit at a backward scattering angle. Another 8 Li measurement at the Paul Scherrer Institute was performed with the same Mott polarimetry using a plastic scintillation counter array.
7 By extension, we developed mpla.v3.2
A new measurement of electron transverse polarization in polarized nuclear β decay 3 a new tracking detector system designed to perform a new Mott polarimetry in order to improve event-detecting reliability and suppress systematic effects in simple counter measurements. Inspired by a neutron experiment 6 performed using an electron-tracking detector, as in our approach, for free neutrons, we also measured the Mott scattering of electrons emitted from stopped 8 Li nuclei on a beam stopper by using the tracking detector for the first time.
Experiment at KEK-TRIAC
We performed our experiment during 3 days at KEK-TRIAC. After the JAEA tandem accelerator irradiated a 68-MeV 7 Li beam onto a 99% enriched 13 C graphite disk production target, 8 Li was produced via a 13 C( 7 Li, 8 Li) 12 C reaction and separated from the primary beam by JAEA-ISOL. 13 By following a tilted foil method, 16 we then vertically polarized the 8 Li beam, which we stopped at a platinum foil stopper to which magnetic holding fields were applied using permanent magnets. Since the beam was diffused via multiple scattering in the tilted foils before entering the stopper, we used an annealed platinum stopper 20 µm thick and sized 6 × 7.5 cm to receive the scattered beam. The typical intensity of the 8 Li beam was 10 5 pps. We measured 8 Li beam polarization as (8.0 ± 1.6)%, which yielded an 8 Li sample polarization of (5.0 ± 1.0)% after spin relaxation in the stopper material.
16
To cancel the detector's efficiency difference for left-and rightward Mott scattering, we flipped the direction of the nuclear polarization every 5 min. We performed beam spin flipping by rotating the tilting foils in the reverse direction, which took 20 s. We next set the measuring time window to be 300 s. Table 1 presents the beam parameters.
Electrons emitted from 8 Li on the platinum stopper placed in a vacuum chamber passed through an aluminum vacuum window 300 µm thick and entered the tracking detector, as shown in Figure 1 . We used a planar multiwire drift chamber (MWDC) as a three-dimensional tracking detector, which operated with P10 gas (Ar 90%+CH 4 10%) under atmospheric pressure. We placed an analyzer foil on the rear side of the MWDC, as shown in Figure 2 . We used a lead foil 100 µm thick as the analyzer foil, which we supported with a thin plastic film. With that configuration, both incident tracks going to the analyzer foil and backward scattered tracks from the foil were detectable. We determined the scattering angles of these so-called V tracks event by event.
We measured electron hit positions in the six sense layers (XX'UU'VV') of the MWDC, which we used to reconstruct the three-dimensional tracks. We set the anode direction on the UU' and VV' layers to stereo angles of ±15.9
• to the XX' layer; the anode cell size was 2 × 2 cm for all sense layers. We next projected the reconstructed three-dimensional V tracks onto a plane parallel to nuclear polarization direction, as shown in Figure 3 . We defined the opening angle of the projected V track as the projected Mott scattering angle, ψ, in a subsequent analysis, as described in the following. Therein, ψ = θ−180
• , as determined by using the projected 
(5) (3) (2) β asymmetry counter, (3) E counter, (4) δ counter, (5) ∆ counter, (6) multiwire drift chamber, (7) Mott analyzer foil. β asymmetry counters measure the nuclear polarization. The first-level trigger is the coincidence of δ and ∆ signals, whereas the second=level 2 trigger is generated using MWDC hit number information in the FPGA. E counters measure electron energy.
scattering angle θ, as defined in Figure 3 ; −180
• ≤ ψ < 180
• and 0 • ≤ θ < 360
• . In that projected plane, we defined the electron's emission angle from the nuclear polarization direction as β. To select rare backward scattering events from the dominant straight background, we built a field-programmable gate array (FPGA)-based triggering system to select events containing at least two independent hits in each sense layer. The FPGA-based second-level trigger checked MWDC's anode hit num-
A new measurement of electron transverse polarization in polarized nuclear β decay 5 ber after obtaining a first-level trigger consisting of a plastic scintillation counter logic requesting hits on δ and ∆ counters. Afterward, we rejected background events that did not have a scattering vertex position at the analyzer foil. Fig. 3 . Reconstructed tracks in three dimensions projected onto the plane, which defines the decay angle β, scattering angle θ, and opening angle ψ. Beam spin "+" or "−" is defined as the upward or downward direction, respectively. Figure 4 shows the two-dimensional distribution of the Mott scattering angle ψ and the decay angle β. The characteristic shape of this distribution shows an acceptance of the detector. The Mott scattering angular distribution is plotted in Figure 5 for beam spin "+" and "−" cases upward and downward along the vertical axis, respectively. Without using an analyzer foil, we estimated background events not scattered by the analyzer foil to be ∼ 6% of the total number of events. We subtracted that off-foil background contribution in offline analysis. In total, we obtained 6.7 × 10 5 V track events, which we selected from the 1.1 × 10 7 recorded events and used in subsequent analysis. 
Data Analysis and Results
We obtained the two-dimensional yield distribution of β versus ψ, as shown in Figure 4 , as N + (ψ, β) for the beam spin + and as N − (ψ, β) for the beam spin −. We then obtained the left-and rightward Mott scattering ratio, r, as mpla.v3.2
A new measurement of electron transverse polarization in polarized nuclear β decay 7
for the spin + and − cases. Therein, +|ψ| and −|ψ| imply right-and leftward scattering events, respectively, at opening angle |ψ|. To cancel the detector's left or right efficiency difference, we defined double ratio d as
We next defined Mott asymmetry A Mott sym as
Ideally, the expected counting yield is expressible by supposing the A and R correlations:
A cos β ± P n β e S(|ψ|, β e )R sin β, in which β e is v e /c with electron velocity v e , S(|ψ|, β e ) is the analyzing power of Mott scattering, and P n is the nuclear polarization of 8 Li. More realistically, it appears as N + − (+|ψ|, β) ∝ 1 ± Af (β e , β) ∓ RS(|ψ|, β e )g(β e , β), N + − (−|ψ|, β) ∝ 1 ± Af (β e , β) ± RS(|ψ|, β e )g(β e , β), using the distribution functions f (β e , β) and g(β e , β), which include a realistic efficiency distribution ǫ(ψ, β) including the nonuniformity of the analyzer foil. In that case, we expected the double ratio to be
In our case, in the condition of A = −1/3 and P n = 5%, the correction factor is negligible as 1
Therefore, we could regard Mott asymmetry A Mott sym as nearly proportional to the R coefficient within its poor relative precision.
In our analysis, we obtained the R coefficient by fitting the obtained A Mott sym as a two-dimensional function of β, ψ; however, β dependence was small because Af in Equation (6) appeared only in the second-order contribution to the solution of RSg, which was strongly suppressed. Therefore, an analysis that considers only ψ dependence may be a good approximation; however, we performed direct analysis in our work. The angular distribution of Mott scattering appears in Figure 6 , following the integration of the decay angle β. As for β e dependence, instead of directly treating the β e value for each event, we used the mean value of β e . To obtain the R coefficient, we required analyzing power S(|ψ|, β e ), which Sherman has calculated in detail. 17 We used an effective analyzing power, S ef f (|ψ|), after integrating the electron energy dependence, thereby correcting for the foil thickness effect due to depolarization inside the lead foil 15 and correcting the tilting effect of the Mott scattering plane. The θ-dependent shape of S ef f (|ψ|) was also corrected in consideration of the angular resolution of the MWDC, which was approximately 10
• . We moreover corrected the depolarization effect of the electrons 18 that passed through the stopper and detector materials. Figure 7 shows the effective analyzing power S ef f after correcting all effects to yield a case of applied β integration. We integrated the β e and β dependences to identify that effective analyzing power; ψ integration defined an average value of the effective analyzing power as S = −0.065 ± 0.020.
By using the two-dimensional effective analyzing power S ef f (|ψ|, β) with the experimental results of A Mott sym (|ψ|, β), we obtained R = 0.02 ± 0.40 as the best fit parameter. The result contained errors from not only S ef f , but also the nuclear polarization P n . We also considered several systematic errors, as follows.
Electron energy threshold. Analyzing power S depends upon the scattering angle and electron energy. For simplicity's sake, we did not use the measured energy value in analysis. The energy threshold of the counters corresponded to the minimum electron energy of (2 ± 1) MeV before losing its energy inside the materials. Such uncertainty of the energy threshold induced an error in analyzing power S ef f , which prompted a systematic error of 1.4 × 10 −3 on R. Beam polarization tilting. We assumed the analyzing plane projected onto the V tracks to be parallel to nuclear polarization. However, if we tilted the nuclear po- larization from the vertical direction around the beam axis, then we had to consider a sizable contribution from the N correlation defined in Equation (1). If we defined the tilting angle α as the beam polarization direction around the beam axis from the upward direction, then we expected
in which α = 0 represents the ideal vertical "+" configuration. In the case that α = 0, then the contribution from N needs correction. We estimated the N parameter in the standard model as N = − 1 − α 2 F Z 2 m e /E e · A = 0.04 when we assumed an average electron energy of 4 MeV from 8 Li decay. We estimated tilting angle α with an alignment error of ±1.2
• , in which the mounting precision of the tilted foil of ±1
• represented the dominant uncertainty. The estimated systematic error on R due to N correlation was 8.3 × 10 −4 . β-decay asymmetry. If efficiency was not perfectly stable, but correlated with radiation intensity, then a fake asymmetry was observable without real R correlation due to the anisotropic change in electron flux, which was due to the parity violating β asymmetry. Moreover, accidental coincidence between two different event tracks that were wrongly recognized as V track events may generate additional fake asymmetry. Such systematic effects cannot be negated by beam spin flipping. We studied this fake asymmetry effect in another experiment at TRIUMF-ISAC as MTV Run-II. 19 By extrapolating from the nuclear polarization of 58% at TRI-UMF and 5% at TRIAC, we can estimate the expected contribution of the effect to the R coefficient to be 0.14 in the present TRIAC experiment. However, given the difficulty of estimating the ambiguity of the correction without performing a dedicated measurement, we added the corrected amount to the error, which thus became overestimated.
Ultimately, the resulting R-coefficient was R = 0.02 ± 0.40 stat ± 0.15 syst .
Key parameters to extract this result are summarized in Table 2 . Error budgets Table 3 . Table 2 . Summary of the present experiment. Two dimensional analysis on (ψ, β) is performed to extract R.
R correlation R = 0.02 ± 0.40stat ± 0.15syst
observed Mott asymmetry A M ott sym (|ψ|, β) (1d example : Figure 6 ) measured sample polarization Pn = (5.0 ± 1.0)% calculated effective analyzing power S ef f (|ψ|, β) (1d example : Figure 7 ) 
Conclusion
The MTV project represents an ongoing search for nonzero R correlation in the β decay of polarized unstable nuclei at a precision reaching the level of the final state interaction. We performed the first experiment at KEK-TRIAC using the new eventby-event tracking Mott polarimetry technique, and we found the R coefficient to be consistent with zero when the statistical error was dominant. We thus successfully performed the new T -violation experiment using the new tracking principle.
